Fabrication of vascular networks is essential for engineering three-dimensional thick tissues and organs in the emerging fields of tissue engineering and regenerative medicine. In this study, we describe the fabrication of perfusable vascular-like structures by transferring endothelial cells using an electrochemical reaction as well as acceleration of subsequent endothelial sprouting by two stimuli: phorbol 12-myristate 13-acetate (PMA) and fluidic shear stress. The electrochemical transfer of cells was achieved using an oligopeptide that formed a dense molecular layer on a gold surface and was then electrochemically desorbed from the surface. Human umbilical vein endothelial cells (HUVECs), adhered to gold-coated needles (ϕ600 μm) via the oligopeptide, were transferred to collagen gel along with electrochemical desorption of the molecular layer, resulting in the formation of endothelial celllined vascular-like structures. In the following culture, the endothelial cells migrated into the collagen gel and formed branched luminal structures. However, this branching process was strikingly slow (>14 d) and the cell layers on the internal surfaces became disrupted in some regions. To address these issues, we examined the effects of the protein kinase C (PKC) activator, PMA, and shear stress generated by medium flow. Addition of PMA at an optimum concentration significantly accelerated migration, vascular network formation, and its stabilization. Exposure to shear stress reoriented the cells in the direction of the medium flow and further accelerated vascular network formation. Because of the synergistic effects, HUVECs began to sprout as early as 3 d of perfusion culture and neighboring vascular-like structures were bridged within 5 d. Although further investigations of vascular functions need to be performed, this approach may be an effective strategy for rapid fabrication of perfusable microvascular networks when engineering three-dimensional fully vascularized tissues and organs.
Introduction
Regenerative medicine has attracted increasing attention as a new therapy that circumvents the shortage of donor organs for transplantation and can potentially cure various severe diseases by using a patient's own cells or other immunologically matched stem cells [1, 2] . Thin and avascular tissues such as skin [3] , cartilage [4] , and the cornea [5] have been successfully treated using engineered cellular replacements. However, engineering of thick and cell-dense organs such as the liver and pancreas have lagged behind. One major issue is the lack of suitable approaches for the fabrication of vasculatures. Thick organs in the body rely on the supply of oxygen and nutrients from vascular networks. Cells residing more than a few hundred micrometers away from the nearest capillary cannot survive [3, 6] . Thus, a reliable strategy for the fabrication of spatially aligned vascular networks in vitro is desired in order to engineer three-dimensional (3D) thick tissues and organs for regenerative medicine.
Many attempts at vascular network fabrication have been reported. The typical approach is in vitro prevascularization, a method in which endothelial cells, randomly embedded in a hydrogel with parenchymal cells such as hepatocytes, are allowed to spontaneously form vascular networks in culture prior to transplantation [7] [8] [9] [10] . However, because this approach depends on endothelial cell self-organization, the networks are inhomogeneous and culture medium cannot be perfused. Therefore, only limited amounts of oxygen and nutrients are supplied by molecular diffusion. Without perfusion, the supply of sufficient oxygen and nutrients to millimeter-and centimeter-thick dense tissues poses a challenge. An alternative approach is to fabricate microchannels in the hydrogel by using sacrificial templates [11] [12] [13] or needles and subsequently seed endothelial cells inside these microchannels [14] [15] [16] [17] . Using this approach, sufficient oxygen and nutrients can be delivered to parenchymal cells by convective flow of culture medium through the microchannel. However, one possible drawback is that, because medium flow has to be stopped for at least a few hours to allow endothelial cells attach onto the internal surfaces of microchannels, parenchymal cells are subjected to hypoxic cell death and severe ischemia-reperfusion damage at the beginning of the culture period [18, 19] . Therefore, a relatively rapid fabrication method for perfusable vasculatures is desirable.
We have reported an approach previously in which perfusable and endothelialized microchannels were fabricated rapidly using electrochemical cell transfer from a template, without the occurrence of significant hypoxic cell damage. This cell transfer was mediated by an electrochemical reaction between gold-coated glass rods and electrically responsive molecules [20] [21] [22] [23] . In this approach, electrically responsive molecules were pre-absorbed onto gold-coated glass rods via gold-thiolate bonds, forming a self-assembled monolayer. Endothelial cells adhering to the molecular layer on the rod surfaces were transferred from the rods to the internal surface of microchannels in a collagen gel within 5 min by applying an electrical potential that cleaved the gold-thiolate bond and reductively desorbed the molecular layer. The fabricated perfusable vascular structures were~600 μm in diameter and aligned at 500-μm interspaces in two dimensions. During the subsequent culture period, endothelial cells migrated into the hydrogel and formed luminal structures. However, this approach is limited to the fabrication of 2D aligned vascular structures, because it is challenging to rapidly align and extract individual rods simultaneously after the application of the potential. Therefore, in this study, by using a multi-needle in which multiple conductive needles were arranged in a spatially controlled manner, we expanded this strategy to engineer 3D aligned vascular-like structures. In addition, to accelerate angiogenic sprouting and self-organization of transferred endothelial cells, we examined the synergistic effects of a culture medium additive and application of shear stress by subjecting the structure to medium flow.
Growth factors including vascular endothelial growth factor (VEGF), fibroblast growth factor (FGF), and platelet-derived growth factor are primarily responsible for regulating sprouting and vascularization [24] [25] [26] [27] . VEGF, the best-studied vascular morphogen, initiates sprouting by promoting the formation of tip cells [28, 29] . In a previous study, we used culture medium supplemented with VEGF and FGF-2, but sprouting and long-term stabilization were not achieved in a highly reproducible manner [21] . Phorbol 12-myristate 13-acetate (PMA) is known to strongly enhance the angiogenic ability of HUVECs and is a low-molecular weight drug that is currently undergoing clinical trials as a therapy for hematologic cancer and bone marrow disorders (ClinicalTrials.gov Identifier: NCT00004058) [30] . Shear stress is another key factor affecting vascularization. Although some studies have reported that shear stress significantly induces angiogenesis of HUVECs [31] , another study has shown that it attenuates angiogenesis [32] . In the present study, we examined the effects of PMA and shear stress on sprouting as well as their synergistic effects in our system with the aim of finding a new approach for engineering vascularized 3D large and thick tissues and organs.
Material and Methods

Materials and regents
The materials used for culture substrate fabrication were obtained from the following commercial sources: single-needle (glass; diameter, 600 μm; length, 3.2 cm) from Hirschmann Laborgeräte (Eberstadt, Germany); multi-needle (stainless steel; 9 needles; diameter, 500 μm; pitch, 500 μm; length, 1 cm) from Musashi Engineering, Inc., (Tokyo, Japan); synthetic oligopeptide CGGGKEKEKEKGRGDSP from Sigma-Aldrich (St. Louis, MO, USA); and poly(methyl methacrylate) plates from Comnet (Koube, Japan). The cells and regents used for cell culture were as follows: human umbilical vein endothelial cells (HUVECs, CC-2517A) from Cambrex Bio Science (Walkersville, MD, USA); immortalized HUVECs constitutively expressing green fluorescent protein (GFP-HUVECs), a generous gift from Dr. J. Folkman (Boston Children's Hospital, Boston, MA, USA); endothelial basal medium (EBM-2, CC-3156) and SingleQuots growth supplement (CC-4176) from Lonza (Basel, Switzerland); type I collagen (Cellmatrix Type I-A) from Nitta Gelatin (Yao, Japan); Ham's F12 medium and phosphate-buffered saline (PBS) solution from Invitrogen (Waltham, MA, USA); and PMA from Sigma-Aldrich. All other chemicals were purchased from Wako Pure Chemicals Industries (Odawara, Japan), unless otherwise indicated.
Oligopeptide design and modification of gold surfaces
The oligopeptide CGGGKEKEKEKGRGDSP was designed to generate a self-assembled monolayer on a gold surface to mediate cell adhesion, while preventing nonspecific protein adsorption (Fig 1) . The oligopeptide consists of three functional domains. The cysteine (C) residue has a thiol group that spontaneously forms a gold-thiolate (Au-S) bond on a gold surface. The domain containing alternating glutamic acid (E) and lysine (K) residues was designed to induce close packing of the molecular layer via electrostatic intermolecular interactions [23] . This neutrally charged zwitterionic oligopeptide modification provided a non-fouling surface [33] . The GRGDSP domain promotes integrin-mediated cell adhesion [34] .
The gold surfaces were prepared by sputter-coating single needles with Cr (1-nm-thick) and Au (100-nm-thick) and multi-needles with Au (200-nm-thick). Notably, the modification of a gold surface with this oligopeptide does not require any organic chemistry and was performed by simply immersing the gold-coated needles in 0.5 mM oligopeptide aqueous solution at 4°C for 12 h. The modified surface was rinsed with pure water, sterilized with 70% ethanol, and was then washed three times with PBS before cell seeding.
Cell preparation and seeding on oligopeptide-modified gold needles
GFP-HUVECs and HUVECs were grown in EBM-2 supplemented with SingleQuots growth supplement at 37°C and 5% CO 2 . HUVECs from passages 3 through 7 were used for experiments. Cells were passaged using 0.05% trypsin-EDTA before cells reached 80% confluence. The oligopeptide-modified multi-needle was placed in a T-25 culture flask and HUVECs were seeded at a density of 7. 
Culture chambers
A cylindrical culture chamber was designed to transfer HUVECs from the multi-needle and to perfuse culture medium (Fig 1A) . The chamber consisted of two poly(methyl methacrylate) plates, 9 mm in diameter with 9 holes that were~600 μm in diameter, and a silicone cylinder with an 8-mm internal diameter and 1-cm-length. The plates and their holes were fabricated from a l-mm-thick flat plate by using a computer-aided laser machine (Laser PRO C180; GCC, Taiwan). Because the diameter of the plates was slightly larger than that of the silicone cylinder, the plates were fixed at both ends of the cylinder by simply inserting the plates to the silicone cylinder. The chamber volume was~500 μL. To monitor changes in cell morphology over the course of the culture period, a square culture chamber in which three single needles could be fixed was also designed. The square chamber was fabricated by assembling 6 poly(methyl methacrylate) plates. The volume of the chamber was~250 μL and its internal height, width, and depth were 8 mm, 10 mm, and 3 mm, respectively. Using the computer-aided laser machine, 3 holes that were 600 μm in diameter at 500-μm-intervals were fabricated on two opposite plates. These holes were used as a guide to spatially align 3 single needles in the chamber and to extract them straight from the chamber.
Fabrication of vascular-like structures
Vascular-like structures in the cylindrical and square chambers were fabricated in a similar manner except that the cylindrical chamber was used for the multi-needle whereas the square chamber was used for the single needles. Schematic diagrams of the procedures performed using the cylindrical chamber are illustrated in Fig 1. The multi-needle with a confluent HUVEC layer was fixed at the end of the silicone cylinder with one poly(methyl methacrylate) plate. After a collagen solution (2.4 mg/mL, 500 μl) was poured into the cylindrical chamber, the chamber was closed with the other poly(methyl methacrylate) plate (Fig 1B) . The chamber was then incubated for 20 min at 37°C. After collagen gelation, Ag/AgCl reference and Pt counter electrode wires were inserted into the chamber through the silicone cylinder. After the application of a potential of -1.0 V for 5 min with respect to the reference electrode, the multineedle was carefully removed from the chamber (Fig 1B) .
For perfusion culture, the microchannels were connected to a micro-syringe pump through the holes fabricated in the poly(methyl methacrylate) plates. Culture medium was perfused at 1 and 10 μL/min through each microchannel. HUVECs on the surfaces of the microchannels in the square chamber were visualized using phase-contrast and fluorescent microscopy (IX-71; Olympus, Japan) as well as using confocal laser microscopy (LSM700, Carl Zeiss, Germany).
Effects of PMA on sprouting of HUVECs
To assess the effects of PMA exposure on sprouting, HUVECs (1.0 × 10 5 cells) were seeded in a 35-mm dish coated with collagen gel (2.4 mg/mL, 1 mL) and were exposed to 0, 20, 50, 250, 500, and 1000 ng/mL of PMA in culture medium for 7 d [35] . Cell morphology in the collagen gel was recorded every 2 d by performing phase-contrast microscopy.
HUVEC orientation under perfusion culture conditions
Under perfusion culture conditions, HUVECs lining the microchannels were exposed to shear stress generated by a medium flow of 1 and 10 μL/min through each microchannel before and 12 h after perfusion. Phase-contrast images were collected, binarized, and converted to a power spectrum by performing two dimensional Fourier transforms. The power spectrum was then converted to a histogram of polar coordinates to obtain orientation intensity, the ratio of short to long axes from the histogram [36, 37] . Statistical significance was determined by performing ANOVAs with Tukey-Kramer's multiple comparisons test ( Ã P < 0.05, ÃÃ P < 0.01) on data collected from three independent experiments.
Fluorescence staining
Cells were fixed with 4% paraformaldehyde in PBS for 15 min, treated with 0.2% Triton X100 for 10 min, and then stained with rhodamine phalloidin (Cytoskeleton, Inc., Denver, CO, USA) and DAPI for 20 min at room temperature. After washing cells three times with PBS, cells were examined using a fluorescence microscope (IX-71, Olympus).
Quantification of capillary length
HUVECs in the collagen gel within square chambers were examined using a confocal laser microscope. Capillary length and sprouting branch number were analyzed using image analysis software (IMARIS, Bitplane, Switzerland) as described elsewhere [38] . For 3D rendering, acquired high-resolution confocal images were stacked and 3D structures were generated using isosurface rendering. The total capillary lengths, branching points, and average segment lengths were quantified from the reconstructed 3D images by using the filament tracer module of the software.
Results and Discussion
Fabrication of endothelialized microchannels in collagen gel
HUVECs were seeded on gold-coated single needles modified with oligopeptides and were grown until they reached confluence (at least 3 d , Fig 2A) . The HUVEC layer was successfully transferred to the inner surface of the microchannels in the collagen gel along with electrochemical desorption of the oligopeptide (Fig 2B) . The entire process including collagen gelation and HUVEC transfer was completed within 30 min. The collagen gel was then removed from the chamber and cultured in a conventional culture dish so that sufficient oxygen and nutrients were supplied from the surface of the collagen gel in the absence of culture medium perfusion. The transferred HUVECs spontaneously migrated up to 250 μm away from the microchannel surfaces into the collagen gel at 14 d of culture ( Figs 2C and 2D ). The extent of sprouting and branching increased over time and the maximum and average capillary lengths were approximately 350 μm and 75.4 μm, respectively, at 21 d of culture (Figs 2E and 2F, see also S1 Movie). This accelerated sprouting process was attributed to the presence of growth factors such as VEGF and basic FGF, and others in the serum used to supplement the EGM-2 culture medium. However, considering that organ-specific cells will be encapsulated and grown in a collagen gel in order to engineer 3D cell-dense tissues and organs, the sprouting process would likely be too slow to supply sufficient oxygen and nutrients to these cells. Because cell survival depends on the supply of oxygen and nutrients, and proliferative cells typically double within a few days, we next sought to accelerate vascular network formation.
Effect of PMA on sprouting
PMA is a strong inducer of sprouting angiogenesis [39] . It disrupts the integrity of the endothelial cell layer and upregulates the synthesis of proteinases, such as matrix metalloproteinases, that are essential for cell invasion in the early stages of angiogenesis [40, 41] . To clarify effects of PMA on endothelial cells sprouting, HUVECs seeded on a collagen gel were exposed to various PMA concentrations (Fig 3A) . In the absence of PMA, HUVECs grew only on the surface of the collagen gel and reached confluence. They formed random patterns on the surface, but did not migrate into the collagen gel for at least 7 d of culture (Fig 3B) . In the presence of 20-500 ng/mL PMA, HUVECs migrated into the collagen gel and formed luminal structures within 7 d of culture. Although no significant difference in luminal structure formation were observed between the cells exposed to 20 and 250 ng/mL PMA, this process was mildly inhibited in the presence of 500 ng/mL PMA. Exposure of cells to 1000 ng/mL PMA completely inhibited luminal structure formation, and some cells became detached from the surface. PMA is also a strong inducer of apoptosis. PMA induces apoptosis by activating caspase-3 via the PKC/nuclear factor-kappa B (NF-κB) signaling pathway, and its effective concentration in endothelial cells is reportedly higher than 100 ng/mL [42, 43] . In this study, however, no apparent apoptotic cell death was observed with exposure up to 500 ng/mL. We attribute this to the effect of FGF-2 present in the EGM-2 medium, because FGF-2 inhibits the PKC/NF-κB pathway via downregulation of the Bcl-2 family [44] . Based on these results, we opted to use 50 ng/mL PMA in subsequent experiments.
Effect of shear stress on cell orientation
After the electrochemical transfer of HUVECs, the collagen gel was kept in the chamber and HUVECs enveloping the internal surfaces of the microchannels were exposed to shear stress generated by culture medium perfusion. In the absence of perfusion, some regions of the HUVEC layers were disrupted after 12 h of culture ( Fig 4A) . As shown in Fig 2C, HUVECs retained their layers in the microchannels and migrated into the collagen gel when it was removed from the chamber and cultured in medium in the absence of perfusion. These results suggest that oxygen shortage occurred during the 12-h culture period, even at a very low density of HUVECs and no parenchymal cells present in the hydrogel. Under perfusion culture conditions of 1 and 10 μL/min through each microchannel, the HUVEC layers were maintained (Fig 4B  and 4C) . Perfusion changed the orientation of HUVECs in a flow rate-dependent manner toward the direction of flow within the microchannels (Fig 4D-4G) . The most marked reorientation was observed at a flow rate of 10 μL/min, where the shear stress generated corresponded to one-tenth of that observed in the body (in in vivo microvascular venous, 1-5 dyn/cm 2 ) [45, 46] . The endothelial cell orientation under such low shear stress has been controversial. Endothelial cells have been reported to be oriented at 0.1-2.5 dyn/cm 2 in microfluidic devices [47] . However, another report has demonstrated that at least 1 dyn/cm 2 was required for cell orientation [48] . Such differences may be attributed to the differences in culture environments, including configuration of microchannels, e.g. circular microchannels, and culture additives, such as PMA and other growth factors. We also tested the effect of a flow rate of 100 μL/min, which generates shear stress equivalent to that in in vivo microvascular venous (~1.2 dyn/cm 2 ), and observed a complete collapse of the HUVEC layers (data not shown). To engineer more robust vascular structures, additional strategies such as gradual increases in flow rate and fabrication of additional layers, such as smooth muscle cell layers, are warranted. Synergistic effect of PMA and shear stress exposure Angiogenesis has been extensively studied in the field of cancer research and its complex processes are becoming increasingly understood at the molecular level [49] . Sprouting is the initial event in angiogenesis and accompanies endothelial cell migration and proliferation. PMA and shear stress may activate these two endothelial cell processes through different signaling pathways. PMA upregulates PKC. By inhibiting the apoptosis-associated PKC/NF-κB pathway by using FGF-2 as described above, the signal becomes transduced though mitrogen-activeted protein kinase kinase 1 and 2, resulting in growth activation. Shear stress upregulates nitric oxide synthase, which catalyzes nitric oxide, a signaling molecule that not only enhances mitrogen-activeted protein kinase kinase 1 and 2 activity and activates cell proliferation, but also stimulates cell migration [50] [51] [52] . Therefore, we expected PMA and shear stress to have synergistic effects on the acceleration of sprouting in our system. HUVEC sprouting in the presence of perfusion at 10 μL/min and 50 ng/mL PMA was observed at 6 h of culture, and sprout length reached 100 μm after 48 h. Quantitative analysis revealed that the average sprout length after 48 h of culture increased by up to 84% in response to the addition of PMA and by up to 216% when cells were also subjected to shear stress (Fig 5E) . At 7 d of perfusion culture, the sprouting areas from the neighboring microchannels crossed over each other (Fig 5C) , and tubular structures were observed, as seen in typical angiogenesis assays in which collagen sandwiches were used (Fig 5D) .
This rapid approach for endothelialized microchannel fabrication may be beneficial, especially when proliferative parenchymal cells such as iPS-derived hepatic lineage cells are encapsulated in the collagen gel to engineer vascularized 3D cell-dense tissues. We expect that tissues and organs with greater complexity could be fabricated through self-organization of endothelial cells and parenchymal cells under perfusion culture conditions (S1 Fig). 
Conclusions
A simple and rapid approach to fabricate vascular-like structures and accelerate their sprouting in hydrogel was presented. Given that parenchymal cells will be encapsulated in hydrogel when engineering 3D cell-dense tissues, rapid processes to engineer perfusable vasculatures and induce luminal networks are of fundamental importance. By electrochemically transferring endothelial cells from cylindrical needles, endothelialized microchannels were fabricated and culture medium perfusion began within 30 min. Although endothelial cells have a propensity to form luminal structures in hydrogel, the process was relatively slow, taking >14 d to reach the regions where neighboring vascular-like structures aligned at 500-μm intervals were connected. Shear stress and PMA stimuli were effective in acceleration of sprouting. These stimuli synergistically accelerated sprouting and the average length of sprouts at 2 d of culture was more than twice that in the absence of stimuli. At 7 d of culture, the sprouting regions from neighboring microchannels began to cross over each other. Taken together, these results suggest that this is an effective approach to fabricate vasculatures to reconstruct solid organs such as the liver in vitro.
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